Growing evidence links household air pollution exposure from biomass cookstoves with elevated blood pressure. We assessed cross-sectional associations of 24-hour mean concentrations of personal and kitchen fine particulate matter (PM 2.5 ), black carbon (BC), and stove type with blood pressure, adjusting for confounders, among 147 women using traditional or cleaner-burning Justa stoves in Honduras. We inves- 
| INTRODUC TI ON
Household air pollution generated from burning solid biomass fuels, such as wood, coal, animal dung, and crop residues, for cooking, lighting, and heating homes is a leading risk factor for premature deaths and morbidity worldwide. In 2016, an estimated 2.6 million premature deaths (95% confidence interval [CI], 2.2-3.0 million) and 77.2 million disability-adjusted life years (95% CI, 66.1-88.0 million) were attributed to household air pollution.
1 Cardiovascular health contributes substantially to the burden of disease attributed to household air pollution, yet these estimates are extrapolated from exposure-response effects associated with other sources of combustion-related pollution, such as active smoking, secondhand smoke, and ambient air pollution. 2 A limited number of studies with quantitative exposure measurements of air pollutants have evaluated the cardiovascular effects of household air pollution. [3] [4] [5] [6] [7] [8] [9] In order to understand the full burden of disease, including household air pollution exposure-response associations, cookstove research needs to incorporate direct exposure assessments and relevant cardiovascular endpoints. This research is especially crucial in developing countries, which are disproportionately affected by household air pollution and have increasing rates of cardiovascular morbidity and mortality. In Honduras, a low middle-income country in Central America, 10 high systolic blood pressure and household air pollution from burning solid fuels were ranked first and seventh for risk factors for disability-adjusted life years, respectively.
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One approach to reduce household air pollution is for families to transition from biomass fuel to cleaner energy sources, such as liquefied petroleum gas or electricity. However, many regions worldwide have limited access to cleaner fuels, as 1.3 billion people lack electricity and 2.7 billion people still rely on biomass fuel for cooking. 12 In Honduras, 89% of homes in rural areas cook with solid fuels. 13 In rural areas where cleaner fuels are not accessible, it is critical to evaluate the impact of cleaner-burning biomass stoves on health outcomes, given the economic feasibility and appropriateness for cooking needs.
One cleaner-burning biomass stove that was designed for Central American homes is the Justa stove ( Figure 1 ). The Justa stove has a rocket type (L-shaped) insulated ceramic combustion chamber, chimney, griddle, and side compartment to remove soot.
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Two to three pots can be cooked on the griddle at once, which is also used for making tortillas. Laboratory tests showed the Justa emitted one-third the particulate matter emitted by an open 3-stone fire
PR AC TIC AL IMPLIC ATIONS
• Household air pollution and elevated blood pressure are leading contributors to morbidity and premature death worldwide.
• We observed elevated systolic and diastolic blood pressure associated with exposure to household air pollution from biomass cookstoves among women in rural
Honduras. The association was stronger in older women.
• Cleaner-burning cookstove interventions may potentially reduce exposure to household air pollution with likely benefits for blood pressure and cardiovascular disease risk. The growing evidence of a link between household air pollution and blood pressure presents an opportunity to mitigate a modifiable and globally important risk factor for cardiovascular disease. Traditional stove with griddle and chimney
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Cleaner-burning Justa stove while boiling and simmering 5 L of water for 45 minutes (792 mg vs 2363 mg, respectively). 14 A study comparing 8-hour average concentrations between Justa stoves and traditional stoves during normal daily cooking events among 59 women in Honduras reported 64% lower levels of personal PM 2.5 and 73% lower levels of indoor PM 2.5 for the Justa stoves. 15 Cleaner-burning cookstove interventions often report major reductions in household air pollution, [16] [17] [18] 
| MATERIAL S AND ME THODS
| Study location and population
Our study took place in 11 rural communities near the town of La Esperanza, Department of Intibucá, Honduras. Elevation of the study location ranged from 1730 to 2200 m above sea level, and families relied almost exclusively on biomass fuels for daily energy needs.
The primary economy is agriculture, with corn, beans, potatoes, and other fruits and vegetables cultivated for personal consumption and selling in markets. The ethnic background in this region is predominately indigenous Lenca.
| Participant recruitment
One hundred and fifty women were recruited between February 9
and April 30, 2015. Women were selected through a convenience sample from 500 households screened in 2014 among people that attended open community meetings. Interested people wrote their names, or family members' and neighbors' names, on a list, and study personnel visited households during formative research to classify stove types and sociodemographic characteristics of the study population. The original group of 500 potential participants was reduced based on availability, interest, and the following selection criteria.
Owners of Justa stoves and traditional stove users were selected if they were a female, primary cook, non pregnant, non-smoking, and between 25-and 56-year-olds. Traditional stove owners could not have any type of improved stove. Participants gave verbal informed consent and received $5 of food items. Justa stoves were installed at least 4 months prior to our data collection and were given to participants by non-governmental organizations. The study protocol was approved by Colorado State University's Institutional Review Board, and community leaders gave their approval prior to data collection.
| Exposure to household air pollution
We measured exposure to household air pollution by 24-hour aver- were classified as those that had never had a modified combustion chamber, even if there was a chimney or a griddle ( Figure 1 ). Justa stoves, as described above, were wood-burning stoves with a rocket type insulated combustion chamber and a chimney ( Figure 1 ). 14, 25 Women self-reported if they practiced stove stacking, defined as using a secondary stove for cooking. 
| Blood pressure measurements
Non-fasting systolic and diastolic blood pressure were measured using the SphygmoCor XCEL Central Blood Pressure Measurement System (AtCor Medical Pty Ltd, West Ryde, Australia), recorded by the same study investigator at the brachial artery on the woman's right arm with a 23-33 cm cuff. Three consecutive measurements were taken after the woman had been sitting in a chair in a relaxed position for 10 minutes; the average of the 2nd and 3rd measurements was recorded. The investigator who collected all blood pressure measurements followed the at-home procedures, as described by the American Heart Association. 26 Blood pressure was taken between 7 am and 12 noon after the 24-hour period of household air pollution measurements.
| Sociodemographic and other measurements
Women self-reported sociodemographic and health characteristics. and how many times they cooked or made coffee during the past 24 hours. Current use of anti-hypertensive medications was selfreported and confirmed by reviewing bottles or prescriptions.
Physical activity was estimated using the updated 2011
Compendium of Physical Activities, based on typical lifestyle activities for the study population, assessed as metabolic equivalents (METs) and calculated as MET adjusted hours per week (ie, METhours). 28 A MET is the ratio of the rate of energy expended during an activity to the rate of energy expended at rest. 29 For example, one MET is the rate of energy expenditure during rest, while an activity that expends four times that energy for 30 minutes would be 4 × 30 = 120 MET-minutes (two MET-hours). 29, 30 Moderate intensity activities range from 3.0 to 5.9 METs, and vigorous activities are defined as 6.0 METs or more. 29 As reference, running at a pace of a 10-minute mile is a 9.8 MET vigorous activity; whereas, general gardening is a 3.8 MET moderate activity. The US Department of Health and Human Services reports that most health benefits occur with at least 2.5 hours of moderate intensity activity, which equals 10 MET-hours (600 MET-minutes at a 4.0 MET activity).
29
The lifestyle activities that were queried in this study came from for- to the house. Long-term history of cookstove smoke exposure was estimated as "cook-years," by subtracting the self-reported age at which the woman started cooking from her current age.
| Statistical analysis
We removed three women from the analysis who reported current use of anti-hypertensive medications, for a final sample of 147 women.
For analyses of pollution measurements, the sample was reduced for (SAS Institute Inc., NC, USA).
| RE SULTS
| Descriptive summary
In Table 1 , we present a descriptive summary of the full sample and by stove type. Women were on average (SD) 37.0 (8. and 11 (7%) women categorized as having borderline high or high blood pressure, respectively (Table 1) . Results from independent sample t tests showed that Justa and traditional stove users had no significant differences in age, education, household size, number of people eating meals, time spent inside the kitchen on a typical day, cooking events in past 24 hours, total years cooking on a biomass stove, BMI, physical activity, and salt intake.
Primary stoves were located in a separate building (n = 49, 33%), inside a main living space (n = 13, 9%), or in a separate room in the house (n = 85, 58%), with no differences in location between traditional and Justa stoves. The sample was split between women who used a traditional stove (n = 74, 50%) versus Justa stove (n = 73, 50%) ( Despite substantial overlap in air pollution concentrations between stove types, as shown in Figure 2 , the average personal and kitchen PM 2.5 concentrations were 48% and 62% lower, respectively, for Justa stove users compared to traditional stove users (Table 2) . Average concentrations for BC were also lower among Justa stove users, with 71% lower personal and kitchen BC concentrations compared to traditional stove users ( (Table 3) , and kitchen PM 2.5 with diastolic blood pressure (Table S1 ). Results for personal pollutant concentrations and blood pressure were consistent with a null association ( Table 3 ). The age of the Justa stove was also suggestively associated with systolic blood pressure, as women with traditional stoves or older Justa stoves (≥19 months) had higher systolic blood pressure (4.5 mm Hg (95% CI, −0.2 to 9.2) and 3.5 mm Hg (95% CI, −1.9 to 9.0), respectively), compared to women with newer Justa stoves (<19 months) ( Table 3) .
| Personal and kitchen air pollution concentrations
| Associations between exposure and blood pressure
Results for the 24-hour air pollution measures suggested an increased odds for the dichotomized outcome of borderline high and high blood pressure for women with higher kitchen concentrations (Table 4 ). For example, the adjusted odds ratio for borderline high and high blood pressure per unit increase in natural log-transformed kitchen PM 2.5 concentration was 1.5 (95% CI, 1.0-2.3). Similar patterns were observed for kitchen BC (Table 4) ; TA B L E 3 Adjusted mean differences in systolic blood pressure (mm Hg) comparing continuous (natural log transformed) pollution concentrations and stove types among 147 Honduran women using either a traditional or Justa stove for both exposures, the precision estimates of the odds ratios included the null value of 1.0, and therefore, results are considered suggestive. Results for personal air pollution exposure measurements were consistent with a null association (Table 4) . For stove type, women using traditional stoves were almost twice as likely to have prevalent borderline high or high blood pressure compared to women using Justa stoves (OR = 1.8; 95% CI, 0.9-3.7), after adjusting for confounders, although the association is suggestive given the inclusion of the null value in the precision estimate (Table 4) .
For all measured air pollutants, we observed evidence that age modified the associations with continuous systolic blood pressure, with stronger associations among women who were 40 years or older compared to women who were <40 years (Table 5 ). For example, among women who were 40 years or older, a one-unit increase in natural log-transformed kitchen PM 2.5 concentration was associated with 5.2 mm Hg higher systolic blood pressure (95% CI, 2.3-8.1); whereas, women who were <40 years did not show evidence of an association (P-value for interaction = 0.02). Similar results were observed for diastolic blood pressure (Table S2) . Similar patterns of effect modification by age were observed with the dichotomized blood pressure variable;
however, the confidence intervals were not as precise (Table 6 ). We did not observe effect-measure modification by age when evaluating stove type (Tables 5 and 6 ), or by BMI in linear and logistic regression models (Tables S3-S5 ).
| Sensitivity analyses
We conducted sensitivity analyses on the full models per exposure variable, as described under methods, including adjustment for community of residence and removal of those with blood pressure measurements at early or late times, exposure to secondhand smoke, blood pressure outliers, added salt intake via self-report of prepackaged chip consumption in the past 24 hours, or exposure monitors with air pump flow faults. None of the final model results for effect or precision were meaningfully changed based on the sensitivity analyses.
| D ISCUSS I ON
We evaluated the cross-sectional association between exposure to household air pollution and systolic and diastolic blood pressure among 147 women living in rural Honduras, while considering effect modification by age and BMI. All women used biomass cookstoves, half used traditional stoves without a modified combustion chamber, and half used a cleaner-burning Justa stove. Traditional stoves produced substantially higher 24-hour mean personal and kitchen PM 2.5
and BC concentrations compared to Justa stoves. Study results provide suggestive evidence to support our hypothesis that higher levels of air pollution concentrations in kitchens were associated with elevated systolic and diastolic blood pressure. Similarly, we observed an increased adjusted odds of borderline high and high blood pressure among women using a traditional stove and with higher kitchen air pollution concentrations. Results suggest that age modified associations with blood pressure for all air pollutants, as seen with stronger associations among women 40 years or older compared to women <40 years. Adjusted analyses showed suggestive evidence of associations in the hypothesized direction between stove type and stove stacking. Our observed association of stove stacking with elevated blood pressure (as compared to using only the Justa stove) supports the argument that any continued use of traditional stoves diminishes the health benefits expected from a cleaner-burning stove intervention.
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The associations between kitchen PM 2.5 concentrations and blood pressure were stronger than those for personal PM 2.5 , TA B L E 5 Effect modification by age for the adjusted mean differences in systolic blood pressure (mm Hg) comparing continuous (natural log transformed) pollution concentrations and stove types among 147 Honduran women using either a traditional or Justa stove Our main study results are consistent with previous studies, which also report associations between household air pollution and blood pressure outcomes. 3, 7, 9 A cross-sectional study among 280 women in rural China reported almost identical results as ours:
Each unit increase in natural log PM 2.5 concentration was associated with 2.2 mm Hg higher systolic blood pressure (95% CI, 0.8-
3.7)
. 7 Stronger effects of household air pollution on blood pressure among older women is further supported by other studies 20 , such as the rural China study 7 and a cookstove intervention in Guatemala. between pre-and post-intervention in a study in rural Bolivia, 9 with a mean decrease in systolic blood pressure from 114.5 (SD 13) to 109.0 (SD 10.4) mm Hg. 9 We did not find evidence of effect modification by BMI, which is not consistent with previous research in Latin America, 9, 20 and it is unclear why our study population dif- 
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The impact of household air pollution on blood pressure is gaining recognition, particularly in low-to middle-income countries that rely heavily on biomass fuels for cooking, heating, and lighting homes 3, 8, 36, 37 and for susceptible population subgroups based on age or overweight/obesity. 6, 7, 9, 20 Elevated blood pressure is a consistent and independent risk factor for cardiovascular disease 38 and is no longer limited to wealthy, developed nations. The most recent
Global Burden of Disease study reported elevated systolic blood pressure as the number one contributor to disability-adjusted life years worldwide, including Latin America. 1 In Honduras in 2015, high systolic blood pressure and household air pollution were ranked first and seventh, respectively, for disability-adjusted life years among men and women. 2 Previous mechanistic studies from animals and humans support an association between air pollution and elevated blood pressure, possibly via sympathetic nervous system activation and vascular dysfunction. 39 The link between household air pollution and blood pressure presents a key opportunity for prevention on a large-scale in the global epidemic of cardiovascular disease.
| Strengths and limitations
Several strengths of this research included measuring air pollution concentrations in a population previously not well-studied, demonstrating the feasibility of the SphygmoCor device in a field setting to measure blood pressure, and quantitatively assessing a range of potential confounders. Our two study groups were comparable with respect to the measured characteristics. The Justa stove is reliable, well-accepted in this region, and locally sourced.
Our results on BC are novel and closely track the findings for PM 2.5 , contributing to a gap in the literature on this particular exposure measure.
Several limitations are important to note. The cross-sectional design did not allow for a temporal relationship to be established between the exposures and blood pressure outcomes. We did, however, address this limitation to an extent by including only participants who owned their current stove for four months or longer. 31 This may offer a useful comparison to our study population that also lacks access to cars, electrical appliances, and still uses labor-intensive farming methods.
Justa stove users received their stoves from non-governmental organizations prior to our data collection, and some NGO projects had criteria for installation (eg, at least one child <5 years old), which could possibly have created systematic differences in Justa versus traditional stove users. While we did not find significant differences in sociodemographic characteristics (age, education, household size, number of people eating meals), physical activity, diet, or cooking patterns between stove type groups, there may still be residual confounding not accounted for by the study, as well as other relevant confounders not captured. Lastly, the relatively small sample size in our study (N = 147) may be a limitation given the cross-sectional study design, based on previous studies with a blood pressure endpoint that reported limited power.
There are several potential sources of bias in this study design and implementation. Women were selected to participate based mostly on reviewing lists created at community meetings, so women who did not attend the meetings, such as if they were too sick to attend, would have been left out of recruitment, thus making results difficult to generalize. It is possible that women were not fully compliant with wearing the personal exposure bag for 24 hours and that our self-reported measure of compliance underestimated the actual amount of time that the bag was removed. If there was a difference in compliance based on women's daily activities, such as some women being more likely to remove the bag when cooking, then it is possible that personal exposure concentrations might be artificially low in a subgroup of women.
| Significance
The differences in blood pressure and household air pollution concentrations by stove type support the argument that cleanerburning biomass cookstoves may have the potential to effectively reduce health-damaging exposure to household air pollution, even in the absence of electric or gas stoves. Although some results by stove type had wide confidence intervals or included null values, stove type is the largest source of exposure to air pollution in these rural communities, indicating that the installation of cleaner-burning stoves should be targets for interventions. Furthermore, despite observing concentrations higher than the WHO air quality guidelines among homes with both Justa and traditional stoves, we observed suggestive evidence of clinically meaningful differences in blood pressure between users of the two stove types. 40 A reduction of as little as 2 mm Hg in systolic blood pressure could lead to 10% lower stroke mortality and 7% lower mortality from ischemic heart disease or other vascular causes in middle age. 40 The results of this study support previous research that intervening at the household level with acceptable and well-functioning biomass stoves can reduce household air pollution and have potentially important impacts on population health for cardiovascular disease risk, especially among older subgroups, even when pollution levels remain above target guidelines.
| CON CLUS ION
Consistent with previous studies, higher air pollution concentra- 
ACK N OWLED G EM ENTS
We are grateful to our Honduran collaborators and local commu- 
